ABSTRACT. A porcine liver 40 kDa protein designated SBP40 isolated by affinity chromatography with agarose-linked spermine was identified as a porcine cytokeratin 18 on the basis of partial amino acid sequences of peptides derived by lysylendopeptidase digestion and by its reactivity with two commercially available preparations of monoclonal antibody. Immunohistochemistry revealed that SBP40 is localized at the hepatocyte membranes, preferentially in the bile canalicular area in accordance with the previously reported localization of cytokertain 18 in the murine liver. Affinity chromatography with agarose-linked bilirubin, a solubilization experiment of bilirubin from bilirubin-Sephadex G-10 complex, and gel-filtration of a mixture with bilirubin demonstrated that SBP40 or porcine cytokeratin 18 has binding affinity for bilirubin. These results suggest that cytokeratin 18 mayplay a role as a membranereservoir in the event of transport and secretion of bile pigments in the liver.
Fibronectin is a high molecular weight glycoprotein that is involved in a variety of cell functions including cell adhesion and migration (1). By affinity chromatography using gelatin-agarose (2), we successfully isolated placenta fibronectin which has characteristics distinct from plasma fibronectin (3) . Application of this method to the liver, however, was unsuccessful because of the low affinity of fibronectin from this tissue for unknown reasons (4) . Since fibronectin is also known to have polyamine-binding activity (5), we attempted to isolate liver fibronectin by affinity chromatography using spermine-Sepharose 4B, and found that the spermine-binding fraction contained a 40 kDa protein which was not reactive with anti-fibronectin antibodies. We called this spermine-binding protein as
SBP40. Several lines of evidence indicated that SBP40
was a porcine homologue of cytokeratin 18 (CK18).
The findings that SBP40 has bilirubin-binding activity and that its preferential localization was at the hepatocyte plasma membranefacing the bile canaliculus raised the possibility that CK18 may play a role in the secretion of this bile pigment.
MATERIALS AND METHOD

Materials
Spermine was obtained from Sigma and coupled to CNBr-activated Sepharose 4B (Pharmacia Biotech) at concentration of about 50 mg per ml of wet gel. Bilirubin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was coupled to aminohexyl-Sepharose 4B by using l -ethyl-3-(3-dimethylaminopropyl)- Aldrich Japan (Tokyo, Japan).
Isolation of SBP40 from the porcine liver The liver (100 g) was homogenized in 200 ml of 50 mMTris buffer, pH 7.5 containing 0.1 M NaCl, 10 mMEDTA, 10 mM 6-aminohexanoic acid, 10 mMbenzamidine, 1 mMphenylmethanesulfonyl fluoride and 0.05% NaN3 (T-buffer), and the mixture was centrifuged at 9,000 rpm for 10 min. All procedures were performed at 4°C. The supernatant was discarded and the precipitates were treated similarly again. The procedure was repeated twice moreand the precipitates thus obtained were suspended in 100 ml of T-buffer, and urea was added to a final concentration at 4 M. After extraction for 8 h, the mixture was centrifuged at 20,000 rpm for 10 min. To the supernatant was added ammoniumsulfate to 35%satura-tion. The precipitates were separated and dissolved in Tbuffer. The supernatant obtained after centrifugation at 20,000 rpm for 5 min was dialyzed against T-buffer. The nondiffusible fraction was then loaded onto a column (1.4 x 6 cm) of spermine-Sepharose 4B. After exhaustive washing with Tbuffer, the column was eluted with 0.2 MNaCl in T-buffer, and then with 0.3 MNaCl in T-buffer. Each 2 ml-fraction was collected, and examined for the presence of proteins by SDSPAGEaccording to the method of Laemmli (6) . Fractions containing 40 kDaprotein were collected and the sperminebinding protein thus obtained was designated as SBP40. SBP40 was further purified by gel-filtration in T-buffer through a column (1.2 x 110 cm) of Sepharose 4B.
Immunoblotting
Proteins separated by SDS-PAGE were transferred onto nitrocellulose membrane electrically as described previously (7) . The nitrocellulose membranesblocked at room temperature with a 3%-defatted milk solution were incubated with primary antibody for 4 h, and then with a 100-fold dilution of peroxidase-conjugated rabbit anti-mouse IgG antiserum (Dako Japan Co. Ltd., Tokyo, Japan) used as secondary antibody for 1 h. After washing immunoreactive bands were visualized with 4-chloro-l-naphthol. Occasionally blotted proteins were detected with a biotin blot kit according to the method described by a manufacturer (Nippon Bio-Rad Laboratories, Kanagawa, Japan).
Aminoacid sequence
The amino acid sequence analysis was performed by using an Applied Bio-system 470A vapor phase sequencer. The peptides separated by high performance liquid chromatography from the lysylendopeptidase digest of SBP40were sequenced essentially according to the method described previously (7).
Preparation of monoclonal antibody BALB/cmice were immunizedwith SBP40and monoclonal antibodies were prepared essentially according to the method described previously (8) . Monoclonal antibody F10 thus obtained was used for immunoblotting and immunohistochemistry.
Immunoperoxidase staining for light and electron microscopy Periodic acid-lysine-paraformaldehyde (9) fixed porcine liver specimens were used. Six /^m-thick cryostat sections were cut and air-dried for lO min on ovalbumin-coated glass slide. These sections were incubated with appropriately diluted monoclonal antibody F10. Endogenous peroxidase activity was blocked by the method of Isobe et al. (10) . After incubation with peroxidase-conjugated anti-mouse F(ab')2 (Amersham International, Buckinghamshire, England), the sections were processed to a chromogenic reaction with 3,3'-diaminobenzidine. Then, specimens were dehydrated and embedded in a Permount without any counterstaining for light microscopic observation. For electron microscopy, specimens were preincubated with 0.03% saponin for the tissue permeabilization, and fixed with 1% glutaraldehyde and 2% osmiumtetroxide. These specimens were dehydrated in upgraded concentrations of ethanol, and finally embedded in an epoxy-resin mixture in gelatin capsules (ll). Ultrathin sections were cut by using an LKB-8800ultramicrotome and observed without counterstaining in a JEOL JEM1200-EX electron microscope.
Bilirubin-binding assay Three methods were utilized to determine whether SBP40has bilirubin-binding activity. Firstly, affinity chromatography with bilirubin-agarose (12) was performed. An SBP40 solution was loaded onto a column (1.6x2.5 cm) of bilirubinagarose equilibrated with T-buffer. The column was washed exhaustively with the buffer and then eluted with 4M-urea/ lM-NaCl in T-buffer. Fractions were examined by enzymelinked immunoassay (7) and by immunoblotting as mentioned above with anti-SBP40 monoclonal antibody F10.
Secondly, dissolution of bilirubin into the liquid phase from a solid complex of bilirubin and Sephadex G-10 was examined according to the method described by Meuwissen et al. (13) . In brief, an SBP40 solution in phosphate-buffered saline (PBS) was mixed with bilirubin-Sephadex G-10 complex, followed by shaking for 16 h at room temperature. After separation by centrifugation, the absorbance of the supernatant was measured at 450 nm. Protein concentration of SBP40was determined by using a Bio-Rad Protein Assay kit (Japan BioRad Laboratories, Tokyo).
Thirdly, gel-filtration was utilized (14) . An SBP40 solution was mixed with a bilirubin solution in 50mMTris-HCl buffer (pH 7.4) containing 0.15 M NaCl (15) and a mixture was subjected to gel-filtration using a Superose 6 column (5 x 190 mm) equipped on an Ultrochrome GTi system (LKB Japan, Co. Ltd., Tokyo, Japan). Fractions were monitored for protein at 280 nmand for bilirubin at 450 nm.
Purification of SBP40 from the porcine liver SDS-PAGEof the fractions eluted with 0.3 MNaCl in T-buffer from spermine-Sepharose 4B revealed a presence of 40kDa protein termed SBP40 (Fig. 1) . The
Western blot analysis showed that this protein was not reactive with polyclonal anti-fibronectin antibodies (data not shown). The fractions eluted with 1 MNaCl/ 4 Murea in T-buffer contained proteins immunoreactive with anti-fibronectin antibodies (data not shown), but no further characterization was performed in this study.
Gel-filtration yielded a pure preparation of SBP40
( Fig.  2A) .
Preparation of monoclonal antibody F-10 According to a standard protocol we obtained monoclonal antibody F-10 recognizing SBP40. The immunoblot analysis indicated its high specificity (Fig. 2B ).
Aminoacid sequence analysis SBP40was digested with lysylendopeptidase and the resultant peptides were separated by high performance liquid chromatography (Fig. 3) . Partial amino acid sequences of two peptides were successfully determined ( Table I ). The computer search suggested that they have homology with the sequences in human CK-18 (16) and in mouse endo B, a mouse homologueof humanCK-18 (17) . On the basis of specificity of lysylendopeptidase, the amino acid residue preceding the N-terminus in each peptide from SBP40 must be lysine, which is in accordance with the corresponding sequence in CK18. (Fig. 2C) .
Immunohistochemistry for the porcine liver
The localization of SBP40 in the porcine liver sections were examined using monoclonal antibody F10 raised against SBP40 (data not shown). SBP40 was distributed in plasma membranesof hepatocytes and in bile duct epithelial cells in portal tracts. In hepatocytes, the plasma membraneespecially on a bile canalicular side was strongly stained. The portal vein and the central vein were unstained. These data are in accordance with immunofluorescent observation for the localization of rat CK18 (18, 19) .
Electron microscopic observation revealed its specific localization inclining to the hepatocyte plasma membrane, especially in the bile canalicular area (Fig.   4 ).
Bilirubin-binding activity of SBP40 After the solution of SBP40 was loaded onto the bilirubin-Sepharose 4B column, the bound fractions were eluted by varying the eluant. The enzyme immunoassay using monoclonal antibody F10 indicated that SBP40 was bound by and eluted with 0.3-0.5 M NaCl from bilirubin-agarose (Fig. 5A) . The immunoblotting analysis confirmed the result (Fig. 5B) . When bilirubin-Sephadex G-10 complexes were incubated in an SBP40 solution, a portion of bilirubin came into solution as evidenced by yellow coloration of the solution (Fig. 6 ). Incubation with BSA, which is known to have bilirubin-binding activity (13), gave similar results (Fig. 6) . Ovalbumin (Fig. 6) , human serum a1-acid glycoprotein, bovine a-lactalbumin, bovine /3-lactoglobulin, bovine^-globulin, or human fibrinogen (data not shown) failed to exhibit such activity, indicating specificity of this binding. Whena mixed solution of SBP40 and bilirubin was subjected to gel-filtration through Superose 6, co-elution of these two compounds was observed as evidenced by monitoring absorbance at 280 nm and 450 nm (Fig. 7a) . Complex formation of bilirubin with BSA was also demonstrated (Fig. 7b) . Protein-associated bilirubin was not observed for ovalbumin (Fig. 7c) , human serum a1-acid glycoprotein, bovine a-lactalbumin, bovine /5-lactoglobulin, bovine f-globulin, or human fibrinogen (data not shown), indicating specificity of the binding. By gel-filtration, SBP40 was demonstrated to be eluted earlier than BSA (Fig. 7) . This may be explained by formation of aggregates of SBP40.
DISCUSSION
In this study, we isolated from the porcine liver a pro- tein termed SBP40 which bound to spermine immobilized on agarose. Partial amino acid sequences suggested that SBP40is a porcine homologue of human CK18. This identification was confirmed by its reactivity with commercially available monoclonal antibodies recognizing human and porcine CK18 (Fig. 2C) . It is not knownat present whether or not binding of CK18 to spermine-agarose has any physiological significance, since the interaction may be simply of an electrostatic nature. Further work is needed to clarify this problem. Immunohistochemistry with monoclonal antibody F10 raised against SBP40 revealed its localization in hepatocytes and in the bile ducts as major sites which are consistent with immunofluorescent observation for CK18in the rat liver (18, 19) . In accordance with the fact that SBP40was isolated from the urea extract of the liver insoluble fraction, its association with the membranes was clearly demonstrated (Fig. 4) . Dense deposition of the immunoreaction product at the area facing the bile canaliculus suggests that SBP40 might have a function related to the secretion of bile pigments. On the basis of the similarity in chemical structures of spermine and bilirubin (Fig. 8) The specificity of bilirubin binding was demonstrated by the findings that several proteins examined gave no evidence of binding except for BSA, a known carrier of bilirubin (20) . Murine CK18has an apparent pi value of 5.4 (18) . There is a possibility that CK18 interacts with bilirubin nonspecifically by its acidic nature. However, this seems unlikely in view of the fact that acidic proteins ovalbumin and a1-acid glycoprotein with pi values of 4.6 and 2.7, respectively, did not interact with bilirubin. Bilirubin has carboxyl groups and has been shown to bind basic proteins (21) . Bilirubin is a bile pigment formed in the haem catabolism in hepatocytes and in the reticuloendothelial system (15) . Bilirubin in the blood is transported to the liver in association with serum albumin as the solubility in water is very low, probably below 7 nM at pH 7.4 (13). In hepatocytes ligandin or glutathione S-transferase is the major soluble cytoplasmic factor participating in the bilirubin transport system (14) . However, the transport system of bilirubin through the hepatic sinusoidal and bile canalicular membranesis not well understood.
The present results suggest that SBP40 or CK18may contribute to the membrane retention of bilirubin which serves as a local reservoir in the event of bile canalicular secretion of bilirubin and as a receptor protein for bilirubin incorporation from the plasma. The binding nature of bilirubin-related metabolites to CK18 remains to be examined. Gurba and Zand (21) have reported the binding of bilirubin to bovine myelin basic protein and histones. Thus, it is possible that a tissue has its own specific bilirubin-binding protein(s). Since the liver is the major tissue containing CK18 (22) and catabolizing bilirubin, one can expect that the binding affinity between CK18 and bilirubin has a certain biological significance. Previously a 55 kDa plasma membrane protein in the rat liver has been shown to bind bilirubin (12) . Its immunological localization is very similar to that of SBP40. The relationship, however, between these two proteins remains to be examined. Bilirubin has generally been regarded as a toxic compound, but its beneficial role as an effective anti-oxidant has been proposed (23, 24) . It is tempting to speculate that bilirubin mayplay a role in protection from oxidative damage of hepatocyte cell membranesby being retained as a complex with membrane-associated 
